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ABSTRACT
Air-to-refrigerant heat exchangers (HXs) have been the topic of extensive research as they are the fundamental heat
transfer components of HVAC&R systems. Recent advancements in modeling platforms (Computational Fluid
Dynamics (CFD), Finite Element Analysis (FEA), optimization algorithms, etc.) have allowed researchers to design
and optimize primary heat transfer surfaces which result in highly compact HXs which are smaller and more efficient
than current state-of-the-art HXs. A practical consideration in the design of outdoor HXs is aeroacoustics and fangenerated noise since the turbulent airflow around tube bundles in cross-flow can cause significant tube vibrations,
leading to undesirable noise pollution. In this research, a CFD model is developed which is capable of predicting the
aeroacoustics performance of small diameter, high-performance tube bundles featuring finless, non-round, shapeoptimized tubes. The aeroacoustics performance of the shape-optimized tubes was compared to conventional finless
and finned round tube bundles using numerical simulations, and it was found that the non-round tubes exhibited
reduced noise generation compared to finless round tube bundles. Correlations are developed using machine learning
techniques to predict the aeroacoustics-generated noise resulting from the turbulent airflow across the non-round tube
bundles. The correlation accuracy was verified using 237 randomly generated test designs, and it was observed that
94% of the test points were predicted within ±10% of CFD-simulated noise levels. The correlations can provide
designers with an accurate tool to predict the aeroacoustics-generated noise in a computationally efficient manner
without the need for prototyping.

1. INTRODUCTION
The International Energy Agency (IEA, 2018) estimated that ~1.6 billion air-conditioning (A/C) units were in use in
2018, and that increasing A/C demand across the world will result in the number of active A/C units tripling to over
5.6 billion units by 2050. Significant research efforts have focused on developing efficient and environmentallyfriendly solutions to combat these ever-increasing energy demands. More specifically, the development of smaller,
more efficient air-to-refrigerant Heat eXchangers (HXs) has been of particular interest since they serve as the main
heat transfer components in Heating, Ventilation, Air-Conditioning (A/C), and Refrigeration (HVAC&R) systems
(e.g., condensers, evaporators).
In an effort to drastically improve the airside thermal-hydraulic performance of such HXs, Bacellar et al. (2017)
proposed the integration of computational and manufacturing capabilities such as Computational Fluid Dynamics
(CFD), Finite Element Analysis (FEA), optimization, and additive manufacturing, into existing HX design
methodologies. To this end, the authors developed and experimentally validated a HX optimization framework
featuring multi-scale analyses and shape and topology optimization which was shown to be capable of designing
finless compact HXs with novel, small diameter, non-round tubes that significantly outperformed a state-of-the-art
air-to-water microchannel HX at the time. Their framework was improved by Tancabel et al. (2021) to include multiphysics considerations such as static structural FEA simulations to investigate tube-level mechanical integrity, which
helped enable the conventional (i.e., non-additive) manufacture of non-round tube shapes.
Another consideration for HVAC&R system engineers beyond improving thermal-hydraulic performance is potential
noise and vibration problems (Schaffer, 2011). ASHRAE defines noise as “any unwanted sound”, and that “sound”
becomes “noise” when it is too loud, unexpected, uncontrollable, untimely, unpleasant, contains unwanted tones
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and/or information, etc. (ASHRAE, 2019; ASHRAE, 2021). The noise levels and disturbances resulting from A/C
units has been well studied (Ashley, 1955; Mikeska, 1957, Bradley, 1993; Schaffer, 2011), with human responses
being strongly correlated to the level by which the noise exceeds ambient noise levels (Bradley, 1993). Many resources
are available for measuring and controlling noise and vibration in HVAC&R systems (Schaffer, 2011; AHRI, 2015a,b;
ASHRAE, 2019; ASHRAE, 2021), all with the objective of ensuring that (i) the noise is unobtrusive and (ii) noise
levels do not exceed the existing ambient background noise. Such standards largely focus on the mechanical system
components (e.g., fans, dampers, diffusers, duct / duct junctions, compressors, etc.).
The HX tube bundles themselves can also emit large amounts of noise as a result of acoustic resonance associated
with fluid-elastic instabilities linked to turbulent air cross-flow over the tube bundles (Chen, 1968; Chen & Young,
1974; Fitzpatrick, 1986; Ziada et al., 1989; Blevins, 1990; Eisinger et al., 1992; Eisinger et al., 1994; Gelbe & Ziada,
2010). To avoid resonance, Gelbe & Ziada (2010) recommend maintaining the maximum air flow velocity to below
80% of the critical velocity associated with acoustic resonance. To this end, outdoor HVAC&R units (e.g., condenser
units in split A/C systems operating in cooling mode) are typically designed according a rule of thumb where inlet air
velocity is below 1.0 ms-1 to avoid aeroacoustics-generated noise (Private communications, 2019).
In their work, Bacellar et al. (2017) noted that utilizing tube shape optimization allows the optimizer to evaluate
thermal-hydraulic trade-offs which could actually result in HXs with significantly smaller frontal areas, which are
highly attractive to HX manufacturers since face area is directly related to overall system footprint. However, if the
HX inlet air volume flow rate is fixed for the smaller face area design, the inlet air velocity could increase beyond the
rule of thumb value of 1.0 ms-1. Thus, it is of interest to determine whether these higher operating inlet air velocities
could have a detrimental impact on the aeroacoustics performance of the HX.
This paper presents the development of a CFD model to analyze and predict the aeroacoustics-generated noise
resulting from the turbulent airflow across small diameter, high-performance tube bundles featuring finless, nonround, shape-optimized tubes. Machine learning techniques were utilized to develop correlations to accurately and
efficiently predict the aeroacoustics-generated noise. The CFD model was also utilized to compare the aeroacoustics
performance of a conventionally manufacturable, non-round, shape-optimized tube geometry (Bacellar et al., 2017;
Tancabel et al., 2021) to conventional finless and finned round tube bundles, and the associated benefits of utilizing
shape-optimized, non-round tubes are discussed in detail.

2. METHODOLOGY
In this paper, we leverage CFD to evaluate the aeroacoustics-generated noise resulting from turbulent airflow over
finless, non-round tube bundles (Figure 1). The framework consists of four steps: (i) problem specification, (ii) CFD
modeling, (iii) correlation development, (iv) and correlation verification (Figure 2).

Figure 1: Sample generic non-round tube bundle.
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Figure 2: Correlation development approach.

3. PROBLEM SPECIFICATION
This paper investigates the aeroacoustics performance of small-diameter, finless, non-round tube bundles which have
been investigated for many applications (Bacellar et al., 2017; Tancabel et al., 2019a,b; Tancabel et al., 2020; Tancabel
et al., 2021). The non-round tube shapes are represented using fourth-order Non-Uniform Rational B-Splines
(NURBS) (Piegl & Tiller, 1996), and a sample schematic of a non-round tube bundle is shown in Figure 3.

Figure 3: (Left) Schematic of a generic non-round tube bundle; (Right) NURBS tube shape parameterization.

4. CFD MODELING, SIMULATION, & UNCERTAINTY ANALYSIS
The analyses are conducted within the Ansys® 19.3 platform (Ansys® Inc., 2019a,b) where geometry and meshing are
performed using Gambit® 2.4.6 (Ansys® Inc., 2019a), while simulations are conducted using Ansys® Fluent 19.3
(Ansys® Inc., 2019b). Additional details regarding CFD model development, simulation, and uncertainty analysis are
presented below.

4.1 CFD Model Development
The airside CFD computational domain (Figure 4) is a steady-state, two-dimensional cross-section of the HX in the
depth-wise direction where all end effects are ignored and the working fluid is dry air. The left boundary is a uniform
velocity and temperature inlet, while the right boundary is a constant atmospheric pressure outlet. The tube wall
boundary condition is adiabatic since heat transfer is not the main interest of this study. The upper and lower domain
boundaries are also treated as adiabatic walls to mimic the top and bottom mounting plates of the HX package. Each
tube bank includes five tubes (e.g., in Figure 4, each of the three tube banks include five tube rows for a total of 15
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tubes) to ensure that the aeroacoustics behavior in the center of the HX height is accurately modeled using as few
tubes as possible to improve computational efficiency (see Section 4.2 for more details). The computational domain
core mesh utilizes triangular elements (Figure 4) while an inflation layer mesh with a growth ratio of 1.2 is employed
in the tube near-wall region to accurately capture the boundary layer physics. The mesh size in the HX core is constant
and equal to the size of the last element in the inflation mesh. The dry air thermophysical properties are computed as
polynomial curve fits of temperature except for density, which is computed using the ideal gas law. Turbulence is
computed with the realizable k-ε (RKE) model (Shih et al., 1995). The convergence criteria are set to maximum
residuals of 1E-05 for continuity and momentum, 1E-06 for energy, and 1E-03 for turbulence. If these criteria are not
met, but the simulation stabilizes, the simulation is considered converged if the standard deviation of the final 100
iterations is less than 0.5% of the average of those 100 iterations.

Figure 4: Representative CFD domain, boundary conditions, & mesh.
The objective of the CFD simulations is to determine the aeroacoustics-generated noise resulting from the turbulent
air flow across the tube bundle. In such applications, it is often assumed that the noise does not have any distinct tones,
i.e., the generated sound is broadband noise, which can be readily and inexpensively computed from statistical
turbulence quantities such as the mean velocity field (ū), turbulent kinetic energy (k), and turbulent dissipation rate
(ε), using the Ansys® Fluent Broadband Noise Source Model (Ansys® Inc., 2019b,c). The metric of interest is acoustic
power (AP), i.e., the intensity of the aeroacoustics-generated noise, which is measured in decibels (Db).

4.2 Determination of Appropriate Number of Tubes per Bank
It is computationally impractical to simulate the entire HX height using CFD, especially for those HX designs which
utilize thousands of tubes per bank. To this end, a parametric study was conducted to determine the minimum number
of tubes per bank required such that any aeroacoustics-generated noise occurring in the central region of the HX height
was not impacted by any end plate effects at the top and bottom of the CFD domain. Three domains were studied: (i)
3 tubes per bank, (ii) 5 tubes per bank, (iii) 10 tubes per bank, and (iv) 20 tubes per bank. The results of the parametric
study are shown in Table 1. It is clear that the difference in acoustic power between all domains is minimal, and the
percentage difference is monotonically decreasing. Thus, the 5 tubes per bank domain was chosen to balance
computational efficiency while also ensuring the top and bottom wall effects are avoided.
Table 1: Parametric study on impact of number of tubes per bank on resulting acoustic power.
Index

Number of
Tubes per bank

[-]
1
2
3
4

[-]
3
5
10
20

AP
 1
100%   i
APi 1 

[-]
1.03%
0.75%
0.37%
N/A

The use of a smaller domain can be further justified by examining contours of acoustic power (Figure 5). From a
qualitative standpoint, the airflow can be broken into three “regions”: (i) the “top-near-wall” region; (ii) the “bottomnear-wall” region, and (iii) the “core” region far from the top and bottom mounting plate walls. It is clear that,
regardless of the number of tubes per banks the “top-near-wall” and “bottom-near-wall” regions are very similar, i.e.,
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in the “top(bottom)-near-wall” region, the onset of the aeroacoustics effects occurs immediately after the first tube
which is closest to the top(bottom) wall. This suggests that the top(bottom) mounting plates must be considered. In
the core region (far from the wall), the aeroacoustics effects are largely repeating in nature, suggesting that the core
region does not need to include a large number of tubes per bank. Thus, a CFD domain using 5 tubes per bank is
considered sufficient for this analysis.

Figure 5: Contours of acoustic power for varying number of tubes per bank (not to scale).

4.3 CFD Uncertainty Analysis
The CFD modeling grid resolution uncertainty is quantified using the Grid Convergence Index (GCI) method (Roache,
1997; ASME, 2009; Oberkampf & Roy, 2010; Roy & Oberkampf, 2011) for 64 boundary designs using three grid
resolutions using a constant refinement ratio of 1.3. The CFD uncertainty quantification statistics are summarized in
Table 2.

Table 2: CFD uncertainty analysis using GCI.
Metric
Designs with GCI ≤ 10%
Average
Median
Maximum

Value
94%
2.0%
0.60%
17.6%

4.4 CFD Automation
It is impractical to conduct manual CFD simulations on an entire Design of Experiments (DoE). Thus, for rapid
evaluation of novel tube bundles, the geometry creation, meshing, and simulation must be automated. To this end,
Tancabel et al. (2021) presented an enhanced framework which is capable of evaluating the multi-physics (i.e., airside
thermal-hydraulic and tube-level mechanical) performance of non-round tube geometries using fully automated CFD
and FEA simulations. This simulation framework is termed Parallel Parameterized Fluid & Structural Analysis
(PPFSA). The PPFSA automation framework is utilized herein to conduct all CFD simulations in an automated fashion
in a time efficient manner. The reader is referred to Tancabel et al. (2019a,b; 2020; 2021) for more details.

5. CORRELATION DEVELOPMENT
We utilize machine learning methods to develop computationally efficient tools which can accurately predict
aeroacoustics-generated noise, i.e., acoustic power. The method of choice is Kriging, which is a widely used technique
in geostatistics (Cressie, 1993; Armstrong, 1998; Bakker, 2000; Jones, 2001) and has been shown to be highly flexible
and suitable for predicting responses from deterministic computer simulations, especially when the number of input
variables is less than 50 (Simpson et al., 2001). The reader is referred to Jones (2001) for a more detailed introduction
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to Kriging. In the case presented herein, twelve (12) total design variables which control the tube sizes, shapes, pitches,
and inlet fluid conditions are considered (Table 3).
Table 3: NTHX design variables.
Variable Type

Design Variable
ht
wt / ht
Nt

Description
Tube height
Tube aspect ratio
Number of banks

Topology

VS / ht
HS / wt

Vertical spacing
Horizontal spacing

Shape

xi (i =1,2,3)
yi (i =1,2,3)

NURBS control point x-coordinate
NURBS control point y-coordinate

Fluid

uin

Inlet air velocity

Scaling

A 1000-sample Design of Experiments (DoE) was generated using Latin Hypercube Sampling (McKay et al., 1979)
and was simulated using the PPFSA framework (Tancabel et al., 2021). A total of 947 converged samples were utilized
to fit a Kriging metamodel (Cressie, 1993) using a Gaussian correlation function and second order polynomial
regression function. The metamodels were verified by comparing metamodel responses to the results of CFD
simulations for 237 random samples. Metamodel accuracy was measured using the Metamodel Acceptance Score
(MAS) (Hamad, 2006), which gives the percentage of predicted responses ˆi  whose absolute relative error (ei)
compared to the simulated response (φi) is below an established threshold (eth) (Equation 1). The metamodel
acceptability criterion is a fraction based on the established threshold, e.g., eth = 0.10 implies an acceptable tolerance
of 10% in the predicted response. The metamodel verification results are summarized in Figure 5, and some relevant
statistics are summarized in Table 4.
N

MAS  100% 

j

i

i 1

N

;

  ˆi
0, if ei  eth
ji  
; MASth  1  eth
; ei  i
i
1, if ei  eth

(1)

1
0.8

Table 4: Metamodel verification statistics.

0.6

Metric
Mean Absolute Relative Error
Median Absolute Relative Error
Relative RMSE
MAS (5%)
MAS (10%)
MAS (15%)
MAS (20%)

0.4
0.2
0

0

0.2

0.4

0.6

0.8

Value
3.63%
2.45%
5.60%
75.95%
94.09%
97.89%
98.73%

1

Figure 5: Acoustic power metamodel verification results.
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6. DISCUSSION
6.1 Aeroacoustics Performance of Non-Round vs. Conventional Round Tube Geometries
It is of interest to compare the aeroacoustics performance of non‐round tube bundles to conventional finless round
tube (RTHX) and plain-fin, round tube (FTHX) bundles. The non-round tube bundle, termed “NTHX1” (Bacellar et
al., 2017), is a conventionally manufacturable shape-optimized tube geometry (Tancabel et al., 2021) which has been
shown to display superior performance to state‐of‐the‐art baseline HXs for air‐to‐water radiator (Bacellar et al., 2017),
air‐to‐R290 condenser (Tancabel et al., 2020), and air‐to‐R410A condenser (Tancabel et al., 2021) applications. The
RTHX and FTHX geometries, on the other hand, are not optimal designs, but rather are chosen to represent
conventional finned and finless condenser (COND; two tube banks) and evaporator (EVAP; four tube banks) designs
with 5.0 mm outer diameter round tubes (Figure 6, Table 5). The NTHX1 tube bundle pitch ratios are the same as the
RTHX and FTHX, with the notable exception that HS / OD = HS / wt and VS / OD = VS / ht since the NTHX1 need
not be round. Note also that the NTHX1 tube is smaller than the round tubes by design since small diameter finless
tube bundles have shown significant airside thermal-hydraulic performance benefits versus to large diameter finned
tube bundles (Bacellar et al., 2017).

Table 5: RTHX and FTHX geometry details.
Metric

Unit

OD
HS / OD
VS / OD
Nt
uin
Fin type
Fin pitch
Fin thickness

mm
ms-1
mm
mm

COND
Value

EVAP
Value

5.0
2.0
2.310
2
4
1.0
3.0
Plain fins
2.0
0.115

Figure 6: Representative FTHX geometries:
(Left) COND geometry; (Right) EVAP geometry.
Figure 7 below shows contours of acoustic power for each geometry and configuration at an inlet air velocity of 3.0
ms-1. The color scale is normalized with respect to the maximum acoustic power across all six geometries. The ratios
of the maximum acoustic power for each geometry to the maximum value across all geometries are summarized in
Table 6. Note that while the chosen inlet air velocity (3.0 ms-1) is typically associated with indoor unit HX operation
(i.e., evaporators in cooling mode), one single air velocity is used for all geometries to investigate the impacts of (i)
tube shape and (ii) tube bundle geometry (i.e., number of tube banks) on aeroacoustics noise levels. It is clear that the
finless round tube (RTHX) bundles have the largest acoustic power, largely resulting from the sizeable turbulent wake
regions which form downstream of the tubes. The finless non-round tube (NTHX1) bundle was designed to reduce
the airside pressure drop without compromising the airside heat transfer performance (Bacellar et al., 2017). The
teardrop-like shape minimizes flow separation, thereby suppressing the turbulent wake and the associated drag, which
also result in reducing the NTHX1 acoustic power by ~15-20% compared to the RTHX. The finned round tube
(FTHX) bundles have the lowest overall acoustic power. One potential reason for this is that the plain fins reduce the
air velocity and turbulence near the tubes, thus reducing aeroacoustics noise.
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Table 6: Comparison of maximum acoustic power at inlet air velocity = 3.0 ms-1:
NTHX1 vs. RTHX vs. FTHX.
Tube Bundle
NTHX1
RTHX
FTHX

Configuration

max  APgeom 

COND
EVAP
COND
EVAP
COND
EVAP

max  APall 

0.818
0.810
0.925
1.000
0.707
0.739

Figure 7: Contours of acoustic power at inlet air velocity = 3.0 ms-1 (images not to scale):
(A) NTHX1; (B) RTHX; (C) FTHX; (Left column): COND arrangement; (Right column): EVAP arrangement.

7. CONCLUSIONS
This paper presents a CFD-based analysis of aeroacoustics-generated noise resulting from turbulent airflow over small
diameter, high-performance tube bundles featuring finless, novel, non-round, shape-optimized tubes. Machine
learning techniques were utilized to develop correlations which allow HX designers to accurately predict
aeroacoustics-generated noise in a computationally efficient manner without the need for prototyping. The correlations
showed excellent agreement with random test points, predicting 94% of CFD-simulated noise levels within ±10% for
237 randomly generated test points. The aeroacoustics performance of a tube bundle utilizing conventionally
manufacturable shape-optimized tubes was compared to conventional finless round tube and finned round tube
bundles using CFD, and it was found that, in addition to previously investigated airside thermal-hydraulic performance
benefits, shape optimization proved capable of reducing the aeroacoustics generated noise in the non-round tube
bundle. Future work includes prototype manufacturing and experimental validation of aeroacoustics noise levels
utilizing high-fidelity acoustics equipment.
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NOMENCLATURE
AP
e
eth
FPI
HS
ht
k
MAS
N
Nt

Acoustic power
Absolute relative error
Metamodel acceptability criterion
Fins per inch
Horizontal spacing
Tube height
Turbulence kinetic energy
Metamodel acceptance score
Number of samples
Number of tube banks

Subscript
all
All geometries
geom
Geometry
i
Indexing value

(Db)
(–)
(–)
(in-1)
(m)
(m)
(m2s-2)
(–)
(–)
(–)

OD
Outer diameter
RMSE Root mean square error
uin
Inlet air velocity
ū
Mean fluid velocity
VS
Vertical spacing
wt
Tube width
x,y
Control point coordinates
Greek Letters
ε
Turbulence dissipation rate
φ
Metric of interest
in
t
th

(m)
(–)
(ms-1)
(ms-1)
(m)
(m)
(–)
(m2s-3)
(–)

Inlet
Tube
Threshold
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